Laboratory suggested that subclinical selenium toxicosis in pregnant cows may have contributed to an outbreak of aborted/stillborn calves in a high-selenium region of South Dakota. This study was undertaken to evaluate the relationship between abortion and subclinical selenium toxicosis in the dam and to assess the effects of subclinical selenium toxicosis on the bovine immune system. Fifteen pregnant cows were fed diets containing 0.25 (control), 6.0, and 12.0 ppm selenium beginning at 80-110 days gestation. Although selenium toxicosis has been reported to cause abortion, this study failed to reproduce abortions. A single cow in the 12-ppm selenium treatment group gave birth to a weak calf, which subsequently died. This calf had myocardial lesions consistent with those described for selenium toxicosis and had hepatic selenium levels of 9.68 ppm (wet weight). Elevated dietary selenium resulted in the depression of several leukocyte function parameters in pregnant cows. A statistically significant depression in forced antibody response was identified in both selenium-supplemented groups. A significantly diminished mitogenic response to concanavalin A and pokeweed mitogen was also observed in the 12-ppm selenium group. Although a similar pattern of depression was also observed with phytohemagglutinin, differences were not significant. These findings indicate that even in the absence of clinical alkali disease, elevated selenium levels may adversely affect both pregnancy outcome and the bovine immune system.
cal selenium toxicosis (R. A. Schamber et al., unpublished). 24, 28 Excessive dietary selenium has been reported to be teratogenic, and high tissue selenium concentrations have been associated with abortion. 1, 22, 23, 35 Several studies have documented the ability of selenium to accumulate in the liver of the bovine fetus. 4, 9, 11, 33 Selenium levels in fetal liver have been reported to average approximately 2 times maternal concentrations on a dry weight basis and may reach levels greater than 8 times that of the dam. 33 Such a process could result in clinical selenium toxicosis in the developing fetus when dams are exposed to subclinical elevations of dietary selenium. 22 During the 1994 calving season, a 200-cow beef herd in a high-selenium region of South Dakota experienced an abortion/stillborn calf rate of 7%. On the initial submission to the South Dakota Animal Disease Research and Diagnostic Laboratory, the referring veterinarian had requested a routine abortion workup and analysis for copper and selenium concentrations on tissues from 2 aborted fetuses. The diagnostic workup failed to identify evidence for an infectious process in either fetus. Although hepatic copper levels were within normal limits (45 and 47 ppm wet weight; normal range ϭ 30-150 ppm), both fetuses had markedly elevated hepatic selenium concentrations (11.36 and 10.8 ppm wet weight; normal range ϭ 0.3-1.2 ppm).
Additional submissions were encouraged to determine whether marked elevations in hepatic selenium was a consistent finding. Tissues from 7 aborted/stillborn calves were evaluated. Evidence for an infectious process was not identified in any of these animals. Livers from 6 of these 7 calves had hepatic selenium concentrations greater than 3.0 ppm (11.36, 10.8, 6 .15, 5.01, 3.59, 3.33 ppm), a level cited as indicative of selenium toxicosis in the neonate. 22 One fetus was a schistosoma reflexa and had hepatic selenium levels of 2.08 ppm. Two calves identified as stillborn had inflated lungs but were never observed alive. Although outward signs of selenium toxicosis were not observed in aborting cows, the average (ϮSD) selenium content of hair clipped from a minimally soiled region of the left dorsal flank was 6.01 Ϯ 1.26 ppm dry weight, indicating chronic exposure to excessive dietary selenium. Normal hair selenium levels in adult cattle are between 0.50 and 1.32 ppm, with a toxic range between 1.40 and 45.0 ppm on a dry weight basis. 22 Alfalfa hay used in the winter feeding program contained elevated concentrations of selenium (6.38 ppm). These data suggested that subclinical selenium toxicosis in the cows may have resulted in clinical selenium toxicosis in the developing fetus and perinatal mortality.
The present study was undertaken to assess the effects of subclinical selenium toxicosis on pregnancy outcome and immune function in pregnant cows.
Materials and methods
Fifteen multiparous crossbred pregnant beef cows weighing between 500 and 550 kg were purchased from a single source in eastern South Dakota. Cows were confirmed pregnant by rectal palpation and were between 80 and 110 days gestation at the start of the trial. Animals were randomly divided into 3 groups of 5 cows each. All cows were fed a mixture of chopped grass and alfalfa hay ad libitum. Analysis indicated the average selenium content of the hay was 0.25 ppm. All animals were provided with 1.8 kg of a concentrate/mineral mix each day in individual feed bunks. The concentrate was formulated to achieve diets containing 0.25 ppm, 6 ppm, and 12 ppm selenium. Each lot of concentrate contained 1,135 kg rolled corn, 17 kg molasses, and 5.5 kg mineralized salt. Selenium was not added to the concentrate of the control group. Dietary concentrations of 6 and 12 ppm selenium were achieved by blending 90.1 g and 183.75 g of sodium selenite into respective lots of concentrate. Calculations assume a feed intake of 11.4 kg dry matter. Random samples of the ration were analyzed to assure that desired selenium levels were attained. Rations were balanced so that all cows had adequate energy and protein during the last trimester. Animals were injected with 10 ml of a mixture of vitamins A (100,000 IU/ml), D (10,000 IU/ml), and E (300 IU/ml) at the start of the trial. a Cows were assessed daily for clinical signs. Blood and serum were collected in evacuated sterile tubes via jugular vein puncture at monthly intervals to assess the selenium status and immune function of pregnant cows. Hair was collected prior to beginning the feeding trial and at parturition. Hair was clipped from the right dorsal flank region. Pre-and posttrial samples were collected from the same location so that the posttrial samples would represent selenium levels in new growth hair. Blood, serum, and hair were collected from calves within 48 hr of birth.
Selenium analysis. Selenium analysis was performed by fluorometric methods as previously described. 31 Serum, whole blood, and liver levels are reported on a wet weight basis. Selenium concentrations for hair are reported on a dry weight basis.
Mitogen assays. Mitogen assays were performed as previously described. 5 Venous blood was collected in heparin tubes, diluted 1:5 in Ca ϩϩ /Mg ϩϩ -free phosphate-buffered saline, layered onto a ficoll gradient, and centrifuged at 650 ϫ g for 25 min. Lymphocytes were collected, washed, and suspended at 3 ϫ 10 6 cells/ml in RPMI-1640 medium. The cell suspensions were mixed with an equal volume of each mitogen (1 g/ml concanavalin A, 1 g/ml phytohemagglutinin, 5 g/ml pokeweed mitogen) and plated in triplicate on a 96-well microtiter plate. Lymphocytes were incubated for 48 hr at 37 C. Tritiated thymidine at 0.2 Ci/well was added 4 hr prior to the end of the incubation period. Incorporation was determined on a scintillation counter after cells were harvested on filter paper. Specific incorporation was determined by the average counts per minute for the treatment sample minus the average counts per minute for the control sample.
Forced antibody response. Analysis of forced antibody response was as previously described, with minor changes. 17 Lymphocytes were incubated for 72 hr in RPMI-1640 with 10% fetal bovine serum and 10 g/ml pokeweed mitogen. An enzyme-linked immunosorbent assay was used to measure antibody concentration. The capture antibody was an affinity purified, polyclonal anti-bovine IgG hϩ1-specific antibody. b Necropsy. The original protocol called for evaluating hepatic selenium levels in all calves by collecting liver samples via a percutaneous biopsy technique. Because biopsies yielded insufficient quantities of hepatic tissue for accurate selenium analysis, 2 calves from each group were necropsied to evaluate gross and histologic changes and to determine hepatic selenium levels.
Statistical analysis. Data were analyzed with a repeated measures analysis of variance (ANOVA) using the SAS program. c Univariate tests were analyzed by the Huynh-Feldt method.
Results
Clinical signs associated with elevated dietary selenium levels were not observed in any of the cows during the course of the study. Serum selenium levels rose sharply in selenium-supplemented cows during the first month of the study and then plateaued (Fig.  1) . Cow whole blood selenium levels rose gradually throughout the study in both selenium-supplemented groups (Fig. 1) . Hair selenium levels were assessed immediately prior to the introduction of high-selenium diets and shortly after parturition. A significant elevation in new-growth hair selenium content was identified between the control group and the 12-ppm selenium group (P Ͻ 0.0007) following treatment (Fig.  2) . Calves in the selenium-supplemented groups had lower mean serum, whole blood, and hair selenium levels than did cows from corresponding groups ( Table  1) .
No cows aborted or produced stillborn calves. A single calf born to a cow in the high-selenium group was born weak and subsequently died. This calf was found alert and in sternal recumbency. It could stand, ambulate, and suckle when assisted. Unaided, it would quickly lie back down. It died 3 days after birth. A routine diagnostic workup failed to identify evidence of an infectious process. Gross lesions consisted of minimal body fat and slight serous atrophy of pericardial fat. Histologic evaluation revealed small scattered areas of myocardial necrosis characterized by myofiber swelling, hypereosinophilia, loss of cross striations and fiber fragmentation. This animal had markedly elevated hepatic selenium levels (9.68 ppm). Hepatic vitamin E levels were within normal limits (12.2 g/g dry weight). Although this weakborn animal had markedly elevated hepatic selenium levels, serum, whole blood, and hair selenium concentrations for both the dam and affected calf were below the mean for the 12-ppm selenium group at the time of parturition (Table 1) .
Leukocyte function tests were undertaken on pregnant cows at monthly intervals. Because of the possible confounding effects of parturition, data obtained within 2 weeks of calving were not utilized. A significant depression in forced antibody response (Fig. 3) was identified in both selenium-supplemented groups (P Ͻ 0.0001) at each measurement period. A significantly greater depression (P Ͻ 0.004) was identified in the 12-ppm selenium group compared with the 6-ppm selenium group at all but the first treatment period.
An ANOVA with repeated measures demonstrated an overall significant depression in lymphocyte mitogenic response of cows to concanavalin A (P Ͻ 0.029) and pokeweed mitogen (P Ͻ 0.0008) in the 12-ppm selenium group versus the other 2 groups (Fig. 4) . A similar pattern of depression was observed in response to phytohemagglutinin (Fig. 4) ; however, because of marked individual animal variation in the analyses, the differences were not significant. Significant differences were not identified in leukocyte function tests on neonatal calves in the various treatment groups. Individual calf variation was marked, and a consistent pattern of response was not apparent. 
Discussion
The association between selenium toxicosis and abortion has not been well documented. Data from a field investigation suggested that selenium toxicosis may have played a role in an outbreak of abortion and stillborn calves. However, despite the high levels of selenium delivered to dams and developing fetuses in the present study, a relationship between sodium selenite-induced elevated selenium levels and abortion could not be confirmed.
These findings may not rule out an association between selenium toxicosis and abortion. Funding constraints limited the number of animals that could be evaluated, and the small group sizes could have failed to detect an incidence rate of Ͻ20%. Reports also indicate that higher levels of organic selenium are retained in fetal tissues. 10, 15, 34 Use of sodium selenite, rather than an organic selenium source such as highselenium forage or selenomethionine, may have decreased the likelihood of producing abortions.
This study was undertaken in part to help clarify the significance of elevated hepatic selenium levels in the perinatal period. Two vigorous, healthy calves from the high-selenium group had hepatic selenium levels of 3.47 and 5.25 ppm when necropsied at 5 days of age. These calves appeared healthy and had gained weight since birth, and neither gross nor histologic lesions were identified. Although a limited number of animals were evaluated, these results suggest that fetal/ neonatal hepatic selenium concentrations of Ͼ3.0 ppm are not necessarily indicative of toxicosis. Studies on captive pronghorn antelope also suggest that currently accepted values for selenium toxicosis may underestimate resistance of animals to chronic selenium toxicosis. 24 A single cow in the 12-ppm selenium group gave birth to a weak calf that subsequently died. This calf had hepatic selenium levels of 9.68 ppm and myocardial lesions consistent with those described for selenium toxicosis. 8, 19, 26 Additional causes for myocardial necrosis, such as vitamin E deficiency, were not identified, and these animals did not have access to ionophores. Because hepatic selenium levels in this calf were Ͼ3 times the value reported to be indicative of perinatal selenium toxicosis (3.0 ppm), a case could be made that the clinical signs and lesions in this animal were associated with selenium toxicosis. Data from this calf suggest that markedly elevated hepatic selenium levels (Ͼ9.0 ppm) are likely to be clinically relevant. Unfortunately, it was not possible to assess whether myocardial necrosis was a consistent finding with marked perinatal elevations in hepatic selenium because heart was not submitted from the 2 field investigation calves with hepatic selenium concentrations Ͼ10 ppm.
One of the more intriguing findings of this study was that serum, whole blood, and hair selenium concentrations for both the weakborn calf and its dam were below mean values for their respective groups, even though hepatic selenium levels in the weakborn calf were markedly elevated. These results are not surprising in light of studies that have shown that in a small percentage of fetuses selenium may accumulate to marked concentrations in fetal liver. This response is linear, and the concentrating effect does not appear to diminish as maternal selenium levels increase. 4, 11, 33 Such a process could result in fetal toxicosis, manifest as abortions or weakborn calves, when the diet of pregnant cows contains elevated selenium concentrations.
The adverse effects of selenium deficiency and the benefits of selenium supplementation on the immune system are well documented. 2, 14, 21, 32 Results from this study indicate that elevated selenium intake adversely affects several bovine leukocyte function parameters. Although outward signs of selenium toxicosis were not apparent, the ability of cultured lymphocytes to produce antibody following stimulation was significantly depressed in cows from both selenium-supplemented groups. A similar response has been observed in vivo. Decreased antibody production in response to exogenous antigens has been observed in mice and antelope on high-selenium diets. 24, 28 Depression of antibody production could result in an increased susceptibility to infectious disease and a diminished response to vaccination and could adversely affect the quality of colostrum.
Selenium supplementation results in enhanced mitogenic response of lymphocytes from selenium-deficient sheep. 32 Conversely, results of this study indicate that excessive dietary selenium causes a significant depression in the mitogenic response of bovine lymphocytes to concanavalin A and pokeweed mitogen. A similar depression of lymphocyte blastogenesis in cattle has been reported (R. A. Schamber et al., unpublished). Because selenium is a systemic toxin, alterations in peripheral blood lymphocytes may reflect functional alterations in the lymphocyte population as a whole. Thus, a relatively narrow range of selenium concentrations must be maintained for optimal function of the immune system. 2, 3, 7, 12, 13, 16, 21, 25, 27, 29, 30, 32 This study and results of a field investigation failed to clarify the association between subclinical selenium toxicosis and abortion/perinatal mortality. However, data from a limited number of animals suggest that current values indicative of perinatal selenium toxicosis (Ն3 ppm) may underestimate the resistance of animals to chronic selenium toxicosis and that marked elevations in hepatic selenium concentration (Ͼ9 ppm) may be clinically relevant. Results from this study confirm observations in cattle and other species that excessive dietary selenium has an adverse effect on the immune system. In high-selenium regions, even in the absence of clinical alkali disease, evaluation of selenium status may need to be incorporated into an overall diagnostic workup when a nonspecific increase in infectious disease and/or perinatal mortality is observed.
